Clostridium cellulovorans produces a multienzyme cellulose-degrading complex called the cellulosome. In this study, we determined the synergistic effects on crystalline cellulose degradation by three different recombinant cellulosomes containing either endoglucanase EngE, endoglucanase EngH, or exoglucanase ExgS bound to mini-CbpA, a part of scaffolding protein CbpA. EngE, EngH, and ExgS are classified into the glycosyl hydrolase families 5, 9, and 48, respectively. The assembly of ExgS and EngH with mini-CbpA increased the activity against insoluble cellulose 1.5-to 3-fold, although no effects on activity against soluble cellulose were observed. These results indicated that mini-CbpA could help cellulase components degrade insoluble cellulose but not soluble cellulose. The mixture of the cellulosomes containing ExgS and EngH showed higher activity and synergy degrees than the other cellulosome mixtures, indicating the synergistic effect between EngH and ExgS was the most dominant effect among the three mixtures for crystalline cellulose degradation. Reactions were also performed by adding different cellulosomes in a sequential manner. When ExgS was used for the initial reaction followed by EngE and EngH, almost no synergistic effect was observed. On the other hand, when EngE or EngH was used for the first reaction followed by ExgS, synergistic effects were observed. These results indicated that the initial reactions by EngH and/or EngE promoted cellulose degradation by ExgS.
Cellulose is the most abundant biological polymer on the earth (34) . Although the chemical composition of cellulose is very simple, consisting of only glucose residues connected by ␤-1,4-glycosidic bonds, no single enzyme is able to degrade crystalline cellulose. To degrade crystalline cellulose to glucose, at least three enzymes have to cooperate: endoglucanase (EC 3.2.1.4), exoglucanase (cellobiohydrolase, EC 3.2.1.91), and ␤-glucosidase (EC 3.2.1.21) (34, 42) . Currently, some of the exoglucanases are considered to be endo-processive enzymes, which initiate their action from the end of cellulose chains and liberate cellobioses along cellulose chains (42) . Henrissat et al. have classified glycosyl hydrolases, including cellulases, based on the similarity of their primary sequences (12, 14) . So far, endoglucanases are classified into 13 glycosyl hydrolase families, exoglucanases are classified into 5 families, and ␤-glucosidases are classified into 2 families (13) . Aerobic fungi are known to produce cellulase components of several different glycosyl hydrolase families (44 . These different family cellulase components are known to cooperate synergistically to degrade crystalline cellulose (3, 15) .
Anaerobic bacteria, as well as anaerobic fungi, are known to produce multienzyme complexes termed cellulosomes (22, 35) ; in contrast, aerobic microorganisms produce their cellulase components as single enzymes (44) . The cellulosome contains a variety of cellulolytic subunits attached to the nonenzymatic component, which is called the scaffolding protein (1) . All cellulosomal enzymatic subunits contain a twice-duplicated sequence called the dockerin domain. These dockerin domains bind to the hydrophobic domains of scaffolding proteins termed cohesins (43, 47) . The cellulosome may give anaerobic microorganisms some advantage to degrade cellulose efficiently in nature, since the specific activity of cellulosomes from Clostridium thermocellum is known to be higher than that of cellulase mixtures from the aerobic fungus T. reesei (2, 17) . It is still difficult to isolate active cellulosomal components from cellulosomes (6, 46) . This technical limitation has prevented a complete understanding of the mechanism of efficient cellulose degradation by cellulosomes.
Clostridium cellulovorans is an anaerobic mesophile (38) that produces cellulosomes (36) . So far, eight cellulosomal cellulase genes (engB, engE, engH, engK, engL, engM, engY, and exgS) (41) and the gene of the scaffolding protein CbpA (37) from C. cellulovorans have been cloned and sequenced. These eight cellulase genes were classified into three glycosyl hydrolase families (family 5, engB and engE; family 9, engH, engK, engL, engM, and engY; family 48, exgS). Recently, we determined the subunit composition of cellulosomes partially purified from the culture supernatant of C. cellulovorans and confirmed the presence of EngE (family 5), EngK (family 9), and ExgS (family 48) (27) . These results suggested that C. cellulovorans degraded cellulose by the cooperative reaction of at least three different glycosyl hydrolase family cellulases: families 5, 9, and 48.
The determination of synergistic effects on cellulolytic activity between cellulosomal cellulases should help not only to understand the cellulolytic mechanism of the cellulosome but also in the design of artificial efficient cellulase systems. To determine the mechanisms of cellulose degradation by cellulosomes, artificial cellulosomes have been assembled with recombinant cellulosomal subunits from Clostridium species (5, 9, 33) . In this study, we assembled three different cellulosomes in vitro with three recombinant cellulosomal cellulases (EngE, EngH, and ExgS) and mini-CbpA, a miniature part of scaffolding protein CbpA containing CBD-SLH1-Coh1-Coh2. The synergistic reactions against crystalline cellulose between these cellulosomes were determined. Also, contribution of miniCbpA to crystalline cellulose degradation was elucidated. The results showed that these three cellulosomes degraded crystalline cellulose synergistically and that assembly with mini-CbpA increased their activity against crystalline cellulose. The possible mechanisms of synergistic reactions are discussed.
MATERIALS AND METHODS
Bacterial strains and media. Escherichia coli BL21(DE3) (Novagen) was used as an expression host for mini-CbpA, ExgS, and EngE production with pET-22b-mini-CbpA (26), pET-22b-ExgS, and pENGE (19) . E. coli TOP10 (Invitrogen) was used as an expression host for EngH production with pBAD/ Thio-EngH. Recombinant strains were cultivated in Luria-Bertani medium supplemented with ampicillin (50 g/ml).
Plasmid construction for mini-CbpA, ExgS, EngE, and EngH. Mini-CbpA, EngE, and ExgS were expressed with the pET-22b vector (Novagen). Not all of these proteins possessed their own signal peptides, and they were designed to fuse the PelA signal peptide at their N-terminal ends and the His tag at their C-terminal ends from pET-22b. The mini-cbpA gene and the engE gene were amplified by PCR and inserted into the NcoI and XhoI sites of the pET-22b vector to generate pET-22b-mini-CbpA and pENGE as described previously (19, 26) . For construction of the ExgS production vector, the exgS gene was amplified by PCR with the genomic DNA from C. cellulovorans as a template with the primers exgS F (CAAGTTTCCATGGCACCAGTAGTGCCAAATAATGAG) and exgS B (GGGGGCTCGAGAGCAAGAAGTGCTTTCTTTAATAAGC). The primers exgS F and exgS B contained the NcoI and XhoI sites (underlined), respectively. The amplified PCR fragment was digested with NcoI and XhoI and inserted into pET-22b digested with the same pair of restriction enzymes to generate pET-22b-ExgS. EngH was expressed by using the pBAD/Thio vector (Invitrogen). The expressed EngH did not possess its own signal peptide and was designed to fuse the thioredoxin at its N-terminal end and a V6 epitope and His tag at its C-terminal end from the pBAD/Thio vector. For construction of the EngH production vector, the engH gene was amplified by PCR with the genomic DNA from C. cellulovorans as a template with the primers engH F (TTATCA GGAATCTTGGGTGCAACTTC) and engH B (CTGTGATAAAAGTAGTTT CTTTAAAAGAG). The fragment obtained was cloned directly into the pBAD/ Thio vector by TA cloning to generate pBAD/Thio-EngH.
Expression of recombinant proteins. For production of recombinant miniCbpA, ExgS, and EngE, E. coli BL21(DE3) harboring pET-22b-mini-CbpA, pET-22b-ExgS, or pENGE was grown and recombinant proteins were induced by adding isopropyl-␤-D-thiogalactoside as an inducer. The E. coli cells were grown in 1 liter of medium at 37°C to an optimal density at 600 nm of 0.9. After the culture broth was cooled on ice for 30 min, isopropyl-␤-D-thiogalactoside was added to a final concentration of 0.4 mM for mini-CbpA production or 0.04 mM for ExgS or EngE production. Then, the culture was grown at 18°C for 16 h. For production of the recombinant EngH, E. coli TOP 10 harboring pBAD/ThioEngH was grown and recombinant proteins were induced by adding L-arabinose as an inducer. The E. coli cells were grown in 1 liter of medium at 37°C to an optimal density at 600 nm of 0.9. After the culture broth was cooled on ice for 30 min, L-arabinose was added to a final concentration of 0.1%. Then, the culture was grown at 18°C for 16 h.
Purification of recombinant proteins. The recombinant mini-CbpA, ExgS, EngE, and EngH were purified in the same manner as follows. After the E. coli cells grown as described above were collected by centrifugation, the cells were resuspended in 30 ml of the lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, 1 mg of lysozyme/ml, pH 8.0). The solution was incubated on ice for 30 min, then the soluble proteins were extracted by supersonication. The extracted solution was applied to 4 ml of nickel-nitrilotriacetic acid agarose resin (QIAGEN), and the proteins bound to the resin were purified and pooled according to the product manual. The pooled solution was desalted and concentrated into 1 ml of 20 mM Tris-HCl buffer (pH 8.0) by use of the Ultrafree 10-kDa membrane (Millipore). The concentrated solution was applied to an anion-exchange column Mono Q HR 5/5 (Amersham Pharmacia Biotech AB) preequilibrated with 20 mM Tris-HCl buffer (pH 8.0). After washing the column with 5 ml of the same buffer, the proteins were eluted with a linear-gradient from 20 mM Tris-HCl buffer (pH 8.0) to 1 M NaCl in 20 mM Tris-HCl buffer (pH 8.0). The fractions were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the fractions containing recombinant proteins were collected and dialyzed against 50 mM sodium acetic acid buffer (pH 6.0).
Protein determination. Protein was measured by using the method of Bradford (4) with a protein assay kit from Bio-Rad with bovine serum albumin as a standard. The molar amounts of each recombinant protein were calculated by use of the theoretical molecular weights of each protein.
Assembly of recombinant cellulosomes. The purified mini-CbpA (5.0 nmol) and the recombinant cellulosomal cellulases (ExgS, EngE, or EngH, 10 nmol) were mixed in 100 l of the binding buffer (25 mM sodium-acetic buffer [pH 6 .0], 15 mM CaCl 2 ), and kept for 1 h at 4°C. The assembly of mini-CbpA and cellulolytic subunits was confirmed by native PAGE analysis by use of 4 to 15% or 10% ready-made gel (Bio-Rad) as described previously (26) .
Determination of cellulase activities. The cellulase activities were assayed in 100 l of the reaction mixtures (0.5% substrate, 50 mM sodium acetate buffer [pH 6.0]) at 37°C by measuring the liberated reducing sugars, as D-glucose equivalents, by the Somogyi-Nelson assay method (45) . The substrates were Avicel (FMC Corporation) as crystalline cellulose, acid-swollen cellulose as amorphous cellulose prepared from Avicel as described previously (16), and carboxymethylcellulose (medium viscosity; Sigma) as soluble cellulose. The cellulase concentrations in the reaction mixtures were 20 nmol/ml for activities against crystalline cellulose, 2 nmol/ml for activities against amorphous cellulose, and 20 nmol/ml (ExgS), 0.2 nmol/ml (EngE), or 2 nmol/ml (EngH) for activities against soluble cellulose. The standard reaction periods were 15 h, except for the determination of activities against soluble cellulose of EngE (15 min). Activities were expressed in units, with 1 U defined as the amount of enzyme releasing 1 mol of reducing sugar per min.
RESULTS

Preparation of recombinant cellulosomal subunits.
To prepare the recombinant cellulosomes in vitro, the mini-CbpA (as a scaffolding protein) and three cellulosomal cellulases (ExgS, EngE, and EngH) were expressed by E. coli.
The mini-CbpA contained one cellulose binding domain, one hydrophilic domain, and two cohesin domains as designated previously (26) . Since one cohesin domain binds one cellulosomal enzyme, one mini-CbpA could bind at most two cellulosomal enzymes. Moreover the mini-CbpA was designed to possess a His tag at its C terminus, which allows a ready purification by Ni-affinity chromatography. The mini-CbpA was expressed as a soluble protein, and purified almost to homogeneity by combination of Ni-affinity chromatography and anion-exchange chromatography (Fig. 1) .
So far, eight cellulosomal cellulase genes, which are classified into three different glycosyl hydrolase families (families 5, 9, and 48) have been cloned (41) . Among them, we selected one gene from each glycosyl hydrolase family, engE (40) from family 5, engH (41) from family 9, and exgS (24) from family 48. Although EngE and ExgS could be expressed as soluble proteins by the pET-22b vector, EngH was expressed as an inclusion body by this vector (data not shown). To express EngH as a soluble protein, EngH was expressed as a fused protein with thioredoxin by using the pBAD/Thio vector (Invitrogen), since fusion with thioredoxin is known to help solubilize expressed proteins (23) . As a result, EngH was also expressed as a soluble protein. ExgS, EngE, and EngH each possess a C-terminal dockerin domain, which is considered to be responsible for binding with cohesin domains on CbpA (47) ( Table 1) . When the cellulosomal enzymes from C. cellulovorans were expressed by E. coli, their dockerin domains were often deleted by E. coli protease(s) (26, 39) . Thus, ExgS, EngE, and EngH were designed to possess His tags at their C termini, which allowed the isolation of the cellulases that retained their C-terminal dock- VOL. 184, 2002 SYNERGISTIC EFFECT OF C. CELLULOVORANS CELLULASES 5089
on August 27, 2017 by guest http://jb.asm.org/ erin domains by Ni-affinity chromatography. By combination of Ni-affinity chromatography and anion-exchange chromatography, ExgS, EngE, and EngH were purified to near homogeneity (Fig. 1) . The apparent molecular weights of the purified proteins as determined by SDS-PAGE analysis were in good agreement with their theoretical molecular weights. Assembly of recombinant cellulosomes. To assemble the recombinant cellulosomes between mini-CbpA and cellulosomal cellulases, the purified mini-CbpA and each of the purified cellulosomal cellulases were mixed at a molar ratio of 1 miniCbpA to 2 cellulosomal cellulases. The molar amount of each subunit was calculated with the protein amount determined by Bradford's method (4) . Since the calcium ion is known to be necessary for binding between the cohesin domain and dockerin domain (28), 15 mM of CaCl 2 was added to the binding mixture. The assembly of the mini-CbpA and the cellulosomal cellulases was confirmed by native PAGE (4 to 15% linear gradient gel) analysis ( Fig. 2A and C) . The purified mini-CbpA showed one band ( Fig. 2A, lane 5 , and C, lane 3). The purified ExgS (Fig. 2A, lane 1) and the purified EngE (Fig. 2A, lane 3 ) also showed one band, although the band of ExgS was obscure. On the other hand, the purified EngH showed four bands (Fig.   2C, lane 1) . The SDS-PAGE analysis indicated that the purified EngH was almost homogeneous as described above. Thus, the four bands on native PAGE of the purified EngH suggested that the purified EngH existed in several forms, such as dimer, trimer, and tetramer. In the mixture of mini-CbpA and cellulosomal cellulases, there were no cellulase bands, and new bands appeared (Fig. 2A, lanes 2 and 4, and C, lane 2) . These new bands were considered to be the bands of the recombinant cellulosomes between the mini-CbpA and cellulosomal cellulases. The mixture of mini-CbpA and EngH showed two new bands. Thus, the complex between mini-CbpA and EngH was also considered to exist in at least two forms as well as the purified EngH.
The bands of the purified ExgS and the mixture of miniCbpA and ExgS were obscure on a 4 to 15% linear gradient gel ( Fig. 2A) . To further confirm assembly between mini-CbpA and purified ExgS, these samples were analyzed by native PAGE with a different gel (10% gel). As a result (Fig. 2B) , both bands were shown to be clearer on the 10% gel than on the 4 to 15% linear gradient gel. In the mixture of mini-CbpA and ExgS (Fig. 2B, lane 2) , a new band appeared, suggesting the purified ExgS assembled with the mini-CbpA.
Since mini-CbpA was designed to have two cohesin domains, the mixture could form two types of complexes (one or both cohesin domains of mini-CbpA could be occupied by cellulases). However, the mixtures of ExgS and EngE with mini-CbpA showed only one new band in spite of the existence of a free mini-CbpA band ( Fig. 2A, lanes 2 and 4) . Kataeva et al. (18) showed that the mixture of cellulosomal cellulase CelD and Cip16 containing two cohesin domains from C. thermocellum formed only one type of complex even if an excess amount of Cip16 was present. By sedimentation equilibrium analysis, they concluded that both cohesin domains of the complex were occupied by the CelDs. Based on the observation of Kataeva et al., the mixtures of ExgS and EngE with mini-CbpA may have formed only complexes in which both cohesin domains were occupied.
In the mixtures of mini-CbpA and cellulosomal cellulases at the molar ratio of 1:2, all mini-CbpA should exist as bound forms, since one mini-CbpA could bind two cellulosomal cellulases. However, all the mixtures of mini-CbpA and cellulosomal cellulases at a molar ratio of 1:2 showed a band at the purified mini-CbpA position ( Fig. 2A, lanes 2 and 4, c The synergy by mini-CbpA was calculated by dividing the activity with mini-CbpA by the activity without mini-CbpA.
methods, such as Bradford's method, Lowry's method, and A280, usually give approximate protein amounts, it is very difficult to determine accurate molar amounts of the proteins of interest. In our experiments, the molar amount of miniCbpA was considered to be more underestimated by Bradford's method than those of the purified cellulosomal cellulases. Based on the results of native gel analysis, it is likely that most of the purified EngE, ExgS, and EngH successfully bound with mini-CbpA to make recombinant cellulosomes in vitro.
Specific activities of recombinant cellulosomes of EngE, ExgS, and EngH. The cellulase activities of the purified cellulosomal cellulases were determined with mini-CbpA (recombinant cellulosomes) or without mini-CbpA (noncomplex forms). The results are shown in Table 1 . By binding with mini-CbpA, the activities of ExgS and EngH against insoluble cellulose (crystalline cellulose and amorphous cellulose) increased 1.5-to 3-fold over those without mini-CbpA. On the other hand, the activity of EngE against insoluble cellulose was not changed by binding with mini-CbpA. The activities of all ExgS, EngE, and EngH proteins against soluble cellulose were not affected by the addition of mini-CbpA.
Synergy effects on crystalline cellulose between recombinant cellulosomes of EngE, ExgS, and EngH. To determine the synergy effects on activities against crystalline cellulose between the recombinant cellulosome of ExgS, EngE, and EngH, activities against crystalline cellulose were determined with 2-nmol/ml cellulase mixtures with various compositions. The synergy degree (the actual activities divided by the summation of each recombinant cellulosome activity) was calculated.
First, we determined the relationships between two of three recombinant cellulosomes. Figure 3 shows the specific activities and synergy degrees of ExgS-EngE, ExgS-EngH, and EngE-EngH. Among the conditions we tested, the mixture of the recombinant cellulosomes of ExgS and EngH showed the highest specific activity (0.497 U/mol) at a molar ratio of ExgS to EngH of 50%:50%. Also, the mixtures of the recombinant cellulosomes of ExgS and EngH showed the highest synergy degree (2.70) at a molar ratio of ExgS to EngH of 75%:25%. The mixtures of the recombinant cellulosomes of ExgS and EngE showed specific activities of only 0.122 U/mol at the most (molar ratio of ExgS to EngE of 50%:50%), and the synergy degree reached 1.79 at the most (molar ratio of ExgS to EngE of 25%:75%). Although the mixtures of the recombinant cellulosomes of EngE and EngH showed comparatively high specific activities (2.76 to 3.46 U/mol), these activities were lower than that of the recombinant cellulosome of EngH (0.359 U/mol) ( Table 1) .
We also determined the relationship between the three recombinant cellulosomes. The specific activity and synergy degree of each mixture were mapped according to the compositions as shown in Fig. 4 . The recombinant cellulosome mixtures, which contained more than 12.5% of ExgS and more than 25% of EngH, possessed specific activities of more than 0.4 U/mol. Among the various compositions, the mixture, which contained 25% ExgS, 25% EngE, and 50% EngH, showed the highest specific activity of 0.543 U/mol. And the activity of this cellulosomal cellulase composition without mini-CbpA was 0.276 U/mol. Thus, the mini-CbpA is considered to increase the activity of this cellulosomal cellulase mixture almost twofold. The synergy degrees were inversely proportional to the contents of EngH, indicating that only small amounts of EngH could help ExgS and EngE to degrade crystalline cellulose. The highest synergy degree (4.92) was obtained at the recombinant cellulosome composition, which contained 37.5% ExgS, 50% EngE, and 12.5% EngH. To further determine the synergistic relationship between the recombinant cellulosomes of ExgS, EngE, and EngH, sequential reactions were carried out. As the first reactions, crystalline cellulose was reacted with one of three recombinant cellulosomes for 15 h. Then, the reaction mixtures were boiled for 20 min to inactivate the recombinant cellulosomes, which were used for the first reactions. By this treatment, the recombinant cellulosomes were inactivated completely (data not shown). The heat treatment was considered to have no effect on the amount of liberated reducing sugar from crystalline cellulose, since this treatment did not release any reducing sugars. After the reaction mixtures for the first reaction were boiled, the other two cellulosomes, which were not used for the first reaction, were added to the reaction mixtures and reacted for an additional 15 h. The cellulosome compositions used were 25% ExgS, 25% EngE, and 50% EngH, since this composition showed the highest specific activity as described above. The amount of liberated reducing sugars from the crystalline cellulose was determined and compared with that of simultaneous reactions, in which crystalline cellulose was reacted simultaneously with the three recombinant cellulosomes for 15 h. The synergy degrees were also determined. The results are shown in Table 2 . All sequential reactions liberated less reducing sugars than the simultaneous reactions. These results indicated that sequential reactions were not sufficient to obtain the full synergy degree. The sequential reaction, in which the ExgS was used for the first reaction, showed a synergy degree of 1.28. On the other hand, the synergy degree of the sequential reaction, in which EngE or EngH was the cellulase for the first reactions, was still 1.95 or 1.73, respectively. These results indicated that almost no synergy effect on cellulose degradation was obtained by the treatment of crystalline cellulose by ExgS before the reaction with EngE and EngH; on the other hand, the treatment with EngE or EngH before ExgS treatment gave synergy effects.
DISCUSSION
To analyze the synergistic effect between cellulosomal cellulases, three recombinant cellulosomes were assembled by use of three cellulosomal cellulases, EngE (glycosyl family 5) (40), EngH (glycosyl family 9) (41), and ExgS (glycosyl family 48) (24) , and mini-CbpA (26) . All of these components were expressed successfully by E. coli. Synergistic effects on crystalline cellulose degradation were observed between all three recombinant cellulosomes. These results suggest that EngE, EngH, and ExgS have different roles for crystalline cellulose degradation. A broad range of recombinant cellulosome compositions retained relatively high activity against crystalline cellulose, as shown in Fig. 4A . These results implied that synergy effects between three different types of cellulases could allow C. cellulovorans to vary the cellulosomal subunit composition while retaining high activity against crystalline cellulose. Therefore, possessing different types of cellulases in a complex might be an advantage for anaerobic microorganisms that assemble cellulosomes.
In nature, cellulosomal cellulases should degrade cellulose in plant cell walls in a simultaneous manner rather than in a sequential manner, since nine cellulosomal enzymatic subunits are present in the complex with the scaffolding protein. The simultaneous reaction with recombinant cellulosome mixtures showed higher crystalline cellulose degrading activity than the sequential reactions, as shown in Table 2 . These results implied that cellulose degradation in such a simultaneous manner might also be one of the advantages of assembling cellulosomes for the efficient degradation of cellulose, as suggested by Shoham et al. (35) . The mixture of ExgS (glycosyl hydrolase family 48) and EngH (glycosyl hydrolase family 9) showed much higher specific activity and synergy degrees than the other mixtures. Therefore, the synergistic effect between ExgS and EngH on the degradation of crystalline cellulose can be considered to have the most dominant effect on the degradation of crystalline cellulose by the recombinant cellulosome mixtures of EngE, EngH, and ExgS. The cellulosomal cellulases, which belong to glycosyl family 48, are considered to be typical endo-processive cellulases by both biochemical (21, 24, 32) and structural analyses (30, 31) . On the other hand, the enzymes belonging to glycosyl hydrolase family 9 were proposed to be endoglucanases, although they could also degrade crystalline cellulose, as well as soluble cellulose, efficiently (10) . In the sequential reactions for which data are shown in Table 2 , almost no synergistic effect was obtained when ExgS was used for the first reaction followed by the EngH reaction. In contrast, when Table 1 ).
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EngH was used for the first reaction, significant synergy effects were obtained. Based on the cellulolytic properties of glycosyl hydrolase families 9 and 48 and the results of the sequential reactions, a possible explanation for the synergistic effect between EngH and ExgS is that the EngH initially nicked the cellulose chains by endo-type reactions, then ExgS degraded the nicked cellulose chain in an endo-processive manner. Although EngE is considered one of the main components of cellulosomes of C. cellulovorans (25, 27) , the results of this study indicated that the contributions of EngE to crystalline cellulose degradation were limited. Recently, we found that the hydrophilic domains of EngE were responsible for binding the cellulosomes to the cell wall of C. cellulovorans (19) . Thus, the main role of EngE on the cellulosome might be to connect cellulosomes to the cell wall. Moreover, degradation of soluble cellulose might also be a major role for EngE, since the specific activity of EngE against soluble cellulose was much higher than those of ExgS and EngH.
By assembling with mini-CbpA, the activities of EngH and ExgS against insoluble cellulose increased significantly, although activities against soluble cellulose were not changed. These results indicated that mini-CbpA could help ExgS and EngH degrade insoluble cellulose. By binding with scaffolding proteins, cellulosomal enzymes are considered to obtain binding ability for insoluble cellulose through the cellulose binding domain of the scaffolding protein (11, 20, 26) . Thus, enhanced cellulose binding ability might increase the activity of ExgS and EngH against insoluble cellulose. The cellulose binding domain of Cellulomonas fimi is known to disrupt insoluble cellulose by itself (7, 8) . Therefore, it is also possible that miniCbpA could help disrupt insoluble cellulose. In this context, the large excess of free mini-CbpA in the reaction mixtures could also enhance the activities of ExgS and EngH against insoluble cellulose, as reported by Pages et al. (29) .
Among the recombinant cellulosome mixtures determined in this study, the mixture containing 25% EngE, 50% EngH, and 25% ExgS showed the highest specific activity against crystalline cellulose. Conidering the specific activity of the partially purified cellulosome fractions from C. cellulovorans culture supernatant determined recently (27) , the specific activity of this recombinant cellulosome mixture was still about five times lower than that of purified cellulosome fractions from culture supernatants. The whole scaffolding protein CbpA of C. cellulovorans possesses one cellulose binding domain, four hydrophilic domains, and nine cohesin domains (37) . However, because of the difficulty in expressing the whole CbpA in E. coli, we used a mini-CbpA, which contained one cellulose binding domain, one hydrophilic domain, and two cohesin domains. Garcia-Campaya and Beguin reported that the activity against crystalline cellulose of endoglucanase CelD increased 10-fold by binding with the whole scaffolding protein CipA from C. thermocellum (11) . The mini-CbpA used in this study increased the activity of the recombinant cellulosome mixture only twofold. Therefore, assembly with the whole CbpA might increase the activity of recombinant cellulosomes to levels comparable to those of native cellulosomes. Also, optimization of the alignment of the enzymatic subunits on CbpA might increase the activity of recombinant cellulosomes.
One of our ultimate goals is the preparation of designer cellulosomes, which could degrade cellulose efficiently for industrial purposes. The results obtained in this study have provided some hints for designing the enzymatic subunit composition for efficient cellulose degradation, although we need further studies to increase the cellulolytic activity of recombinant cellulosomes as discussed above. a The amounts of enzyme in the reaction mixtures were 0.5 nmol of ExgS/ml, 0.5 nmol of EngE/ml, and 1.0 nmol of EngH/ml. All enzymatic subunits were mixed with mini-CbpA (50% molar amount of each enzymatic subunit) before starting the reactions. The first reaction listed is the simultaneous reaction; the other three-reactions are sequential reactions.
b The numbers in parentheses indicate standard deviations. c The synergy degrees were calculated by dividing the actual activities by the sum of the individual activities (with mini-CbpA) of ExgS (for 0.5 nmol/ml), EngE(for 0.5 nmol/ml), and EngH (for 1.0 nmol/ml), as shown in Table 1 .
